Several studies on oral squamous cell carcinomas (OSCC) suggest that the clinical value of traditional histologic grading is limited both by poor reproducibility and by low prognostic impact. However, the prognostic potential of a strictly quantitative and highly reproducible assessment of the tissue architecture in OSCC has not been evaluated. Using image analysis, in 193 cases of T1-2 (Stage I-II) OSCC we retrospectively investigated the prognostic impact of two graph theory-derived structural features: the average Delaunay Edge Length (DEL_av) and the average homogeneity of the Ulam Tree (ELH_av). Both structural features were derived from subgraphs of the Voronoi Diagram. The geometric centers of the cell nuclei were computed, generating a two-dimensional swarm of point-like seeds from which graphs could be constructed. The impact on survival of the computed values of ELH_av and DEL_av was estimated by the method of Kaplan and Meier, with relapse-free survival and overall survival as end-points. The prognostic values of DEL_av and ELH_av as computed for the invasive front, the superficial part of the carcinoma, the total carcinoma, and the normal-appearing oral mucosa were compared. For DEL_av, significant prognostic information was found in the invasive front (p Ͻ 0.001). No significant prognostic information was found in superficial part of the carcinoma (p ϭ 0.34), in the carcinoma as a whole (p ϭ 0.35), or in the normal-appearing mucosa (p ϭ 0.27). For ELH_av, significant prognostic information was found in the invasive front (p ϭ 0.01) and, surprisingly, in putatively normal mucosa (p ϭ 0.03). No significant prognostic information was found in superficial parts of the carcinoma (p ϭ 0.34) or in the total carcinoma (p ϭ 0.11). In conclusion, strictly quantitative assessment of tissue architecture in the invasive front of OSCC yields highly prognostic information.
F
or a decision instrument to be clinically valuable, it must produce reproducible results when used by different observers (Wasson et al, 1985) . In head and neck cancers, histologic grading is still widely used for reaching a diagnosis, providing a prognosis, and for treatment planning (Pindborg et al, 1997) . However, there are large disparities in intraobserver and interobserver grading of oral cancers and precancers, limiting the grading's clinical value (Anneroth et al, 1987; Karabulut et al, 1995; Roland et al, 1992; Stendahl et al, 1980) . Despite progress in diagnostic and therapeutic procedures, the long-term survival of oral squamous cell carcinoma (OSCC) patients remains poor (Brunin et al, 1999; Silverman and Gorsky, 1990; Stell et al, 1982) . This has prompted the search for better prognostic tools to devise tailored therapies according to the presumed prognoses of individual patients. However, there is a lack of reliable prognostic markers in early stage oral carcinomas (Stell and McCormick, 1985) . During the last decade, simplified tumor-grading systems have been introduced, particularly for evaluating the deep invasive margins of carcinomas, demonstrating increased prognostic information (Bryne et al, 1998; Tralongo et al, 1999) .
The biological interaction between cells in a tissue probably defines the reciprocal arrangement between cells, perhaps with morphologic manifestations (Bigras et al, 1996; Chandebois, 1977; Heppner, 1993) . Furthermore, in vitro transformation studies, eg, in the C3H/10T1/2 cell line, have demonstrated that adding carcinogens to monolayer fibroblast cultures results in morphologic changes. These changes provide the basis for assaying carcinogens in short-term tests because the morphologic alterations reflect the degree of oncogenic transformation (Reznikoff et al, 1983; Saxholm, 1984) . The morphologic manifestations of cellular interactions in tissues may be given a quantitative expression by employing graphs such as the Voronoi Diagram (VD) and its subgraphs (Fig. 1A ) (Kayser and Stute, 1989) . In carcinomas of the prostate, the computed weighted sum of a minimal spanning tree structure correlates well with Gleason grading of the carcinomas, indicating a possible prognostic value of this graph theory-based structural feature (Wetzel et al, 1997) . In a pilot study, we developed and tested a number of VD-derived structural features and applied them to data from 8 cases of carcinomas of the tongue, 30 cases (15 with a good and 15 with a poor outcome) of carcinoma of the prostate, and 10 cases of carcinomas of the cervix (Sudbø J et al, 2000) . In this pilot study, two structural features, the average Delaunay Edge Length (DEL_av) and the average homogeneity of the Ulam Tree (ELH_av) were found to have a prognostic impact.
The present study investigated the prognostic value of the structural features DEL_av and ELH_av in 193 cases of OSCC (30 in a learning set and 163 in an independent test set, Table 1 ). In keeping with findings from previously published semiquantitative studies (Bryne et al, 1998; Piffko et al, 1997a) , the present study included a separate analysis of tissue architecture in the invasive front of the carcinomas.
Results

Main Findings
Graph theory-based quantitation of tissue architecture produced significant prognostic information in OSCC, particularly from the deep, invasive parts of the carcinomas.
Reproducibility in Repeated Computations
Using the methods derived from graph theory, assessment of tissue architecture was highly reproducible. In ten separate computations on 5000 cells, repeated quantitation of tissue architecture for the structural features DEL_av and ELH_av were highly reproducible, with respective coefficients of variation of 1.78% and 1.96% (Table 2 ). The co-variation in the computations of ELH_av and DEL_av was also assessed by the least square regression analysis, and was acceptable (R 2 0.85 to 0.91 in ten consecutive computations, data not shown).
Figure 1.
A, The main graphs that can be derived from the Voronoi Diagram (VD). In this study, the Delaunay Triangulation (DT) was used to generate the structural feature DEL_av, the average Delaunay Edge Length, and the Ulam Tree (UT) was used to generate the structural feature ELH_av, the average homogeneity of the Ulam Tree. B, The relationship between the Voronoi polygons (red) and the DT (blue). The summit of the neighboring DT (arrows in B) corresponds to the geometric center of each Voronoi polygon. The entire set of Voronoi polygons makes up the VD. C, The UT.
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Morphologic Discrimination Between Different Anatomical Compartments
The tissue architecture properties were compared in the invasive front, the superficial part of the carcinoma, and the putatively normal oral mucosa adjacent to the bulk of the carcinoma by combining the two structural features ELH_av (first discriminant function) and DEL_av (second discriminant function). Using this model on an independent test set of 89 cases we were able to distinguish between three separate anatomical compartments related to the carcinoma (Fig. 2) . On the basis of this model, we were able to correctly classify the histologic properties in 95% (85/89) of the normal tissue samples, in 84% (75/89) of the superficial samples, and in 94% (85/89) of the invasive front samples.
Prognosis in Learning Set of 30 Cases of OSCC
Fifteen cases of good prognosis (relapse-free survival for more than 10 years) and 15 cases of poor prognosis (relapse within three years of initial treatment) were compared for the structural features ELH_av and DEL_av with respect to relapse-free and overall survival (Fig. 3) . Both structural features extracted significant prognostic information from the invasive front in this learning set of two clear-cut outcome groups (p Ͻ 0.001). Similar results were seen from additional computations in four other cases. The survival curves for the two structural features were identical, indicating that the two structural features allocated the same patients to the favorable and poor prognosis groups.
Prognosis in an Independent Test Set of 163 Cases of OSCC
Having confirmed that the two structural features were prognostically significant in a learning set of 30 cases of OSCC, an independent test set of 163 cases of OSCC (Table 3) were analyzed in a blinded fashion and separated into two distinct groups according to value of the structural features. The prognostic information was then assessed according to the method of Kaplan-Meier (Fig. 4) . For DEL_av, significant prognostic information was found in the invasive front (p Ͻ 0.001). No significant prognostic information was found in superficial part of the carcinomas (p ϭ 0.34), in putatively normal oral mucosa adjacent to the bulk of the carcinomas (p ϭ 0.27), or the bulk of the carcinomas (both the invasive front and the more superficial parts of the tumor) (p ϭ 0.35; survival curves not shown). For ELH_av, significant prognostic information was found in the invasive front (p ϭ 0.01) and, surprisingly, in adjacent normal-appearing mucosa (p ϭ 0.03). No significant prognostic information was found in superficial parts of the carcinomas (p ϭ 0.34) or in the bulk of the carcinomas (p ϭ 0.11).
Discussion
Given the increasing incidence of OSCC in younger persons (Atula et al, 1996; Friedlander et al, 1998; Myers et al, 2000) and the current poor long-term survival of OSCC (Silverman and Gorsky, 1990) , there is a need for establishing reliable prognostic markers in malignant lesions of the oral cavity. When searching for such prognostic markers, it has become increasingly evident that tumor heterogeneity must be considered (Diaz-Cano et al, 2000; El-Naggar et al, 1995; Partridge et al, 1999; Piffko et al, 1997b; Sanders et al, 1998) . The prognostic importance of the invasive front of carcinomas has become a focus of interest, as shown by semiquantitative studies that have examined tumor size, depth of invasion, and histologic Kaplan-Meier estimates (overall survival curves) for the learning set of 30 carcinomas, 15 with clearly favorable prognoses (relapse-free survival more than 10 years) and 15 with clearly unfavorable prognoses (relapse within 3 years after initial treatment). A, Survival curves for the structural feature ELH_av. B, The corresponding curves for DEL_av. Note that the curves are identical, indicating that both structural features have assigned the same cases to the favorable and unfavorable prognosis groups.
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grading of the invasive front (Bryne et al, 1998) , and also correlated the effect of chemotherapy to the mode of invasion (Yamamoto et al, 1983) . Tumor morphology in the invasive front of a carcinoma often differs from more superficial parts of the tumor, with less differentiation of cells and a higher cellular dissociation. In carcinomas, clonal expansion and progression of stem lines result in heterogeneously composed tumors, consisting of subdivisions that have different aggressiveness in the growth pattern towards neighboring tissues (Heppner, 1993; Heppner and Miller, 1998) . Based on the assumption that tumor biology somehow finds a morphologic expression, there are compelling reasons to assume that the invasive front of a carcinoma should contain morphologic information of particular clinical importance (Bryne et al, 1991 (Bryne et al, , 1998 Piffko et al, 1997a) . In the present paper, we demonstrate that, in particular, the invasive front of OSCC contains morphologic information with high prognostic value. The results in the present study are consistent with our previous findings in a pilot study, in which we found that graph theory-based quantitation of tissue architecture was well suited for prognostication of several types of carcinomas (Sudbø et al, 2000) .
Interestingly, a prognostic value was found for the structural feature ELH_av in putative normal oral mucosa. This indicates that there is morphologic information not detected by the human eye that may contain prognostic information. In several tissues, nuclear differences have been described in normalappearing cells from patients with invasive carcinomas, and the concept of malignancy-associated changes as prognostic markers in invasive and preinvasive cancers has been investigated (Bibbo et al, 1989; Ikeda et al, 1998; MacAulay et al, 1995; Mairinger et al, 1999; Susnik et al, 1995) . However, to our knowledge, our findings are the first to describe such possible changes on a level of tissue architecture.
For a given set of possible but not established prognostic markers, re-substitution of cases in a data set and cross-validation of classification performance tends to give overly optimistic results (Schulerud et al, 1998) . Over-fitting (the structural features give a good characterization of the class in the specific learning set but not in the general population of cases to be investigated) may occur if the number of patients in the smallest outcome group is very different from that in the largest group, or if the number of structural features is large compared with the number of cases investigated. Therefore, possible prognostic markers must be established on a learning set where the number of cases is significantly larger than the number of features selected. Furthermore, statistical evaluation of the classification performance of a set of selected structural features must be obtained on an independent data set before valid conclusions may be drawn. Accordingly, in the present study, 30 cases (15 with clearly favorable and 15 with clearly poor clinical outcome) of a total of 193 cases were used to establish the two structural features (DEL_av and ELH_av) as possible prognostic morphologic markers in OSCC. We thereafter evaluated the classification performance of these two structural features on an independent test set of 163 cases of OSCC (78 with favorable and 85 with poor prognosis). The reproduction in an independent test set of the prognostic results found in the learning set gives credit to the results in the present study.
Carcinomas of the head and neck continues to have a poor prognosis, despite introduction of new therapeutic modalities (Charabi et al, 1997; Hicks et al, 1997; Jacobs et al, 1990; Martis, 1982; Stell and McCormick, 1985; Sun et al, 1997) . The need for improved diagnostics is therefore obvious, and texture analysis on tissues is one possible approach.
Ultimately, the impact of graph theory-based prognostic methods on the morbidity and mortality of OSCC must be ascertained from a prospective trial in with patients randomized to different treatment groups according to prognostic information derived from structural features. However, to the best of our knowledge, the present study represents the first effort using a fairly large clinical material set, in which it is unequivocally demonstrated that a highly reproducible and strictly quantitative assessment of tissue architecture contains morphologic information of significant prognostic value.
Materials and Methods
Clinical Material
Five-to seven-micron-thick tissue sections from radical operations performed between January 1, 1985 and December 31, 1994 of 193 retrospectively investigated cases of T1-2 squamous cell carcinoma of the tongue were obtained from the Gerhard Domagk Institute of Pathology, Münster, Germany and the Department of Pathology, University of Ulm, Germany. All lesions were initially staged according to the pTNM of the International Union Against Cancer (1992). The mean time of follow-up was 66 months (range 16 to 167 months). All patients were irradiated postoperatively according to appropriate protocols. There were 124 patients with treatment failure; residual disease (n ϭ 36), local recurrence (n ϭ 29), regional recurrence (n ϭ 37), and distant metastasis (n ϭ 22) ( Table 1) . Sixty-nine patients were alive with no relapse 5 years after initial treatment. The areas defined as carcinomas were defined by two independent pathologists in sections stained with hematoxylin and eosin. For all 193 cases, areas of mucosa that were not defined as carcinomatous could be found adjacent to the carcinomas. These areas were classified as putatively normal oral mucosa. Characteristics of the patients are given in Table 3 .
Tissue Staining
To eliminate the background staining of the cytoplasm, we used the Feulgen-Schiff reaction, which selectively stains aldehyde groups in the nuclear DNA with very sparse staining of the cytoplasm. The Feulgen-Schiff staining procedure was modified by a postfixation in 4% formaldehyde before treating the sections with 5 M HCl at room temperature (22°C). A trained pathologist (B. Risberg, A.B.) selected areas relevant for analysis from adjacent sections stained with hematoxylin and eosin.
Data Acquisition
Gray level images were digitized using a Single Chip digital camera (C4742-95; Hamamatsu Photonics Hamamatsu, Japan) with high resolution. The camera was mounted on a Leica DM-LB microscope (ϫ40 / 0.65 ϱ ϭ 0.17), modified for computer control of the stage (Prior HI52V2; Prior Scientific Instruments, Cambridge, United Kingdom), and equipped with a trinocu- Survival curves for ELH_av and DEL_av. For both structural features, significant prognostic information is demonstrated in the invasive front of the carcinomas. Interestingly, for the structural feature ELH_av, significant prognostic information was also contained in the putatively normal oral mucosa adjacent to the carcinomas.
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lar head to allow images to be focused on the pixel elements of the high resolution digital camera. The final magnification was ϫ400 at an estimated resolution of 680 nm (0.7 micrometers) per pixel, 1024 ϫ 1024 pixels with 10-bit resolution (1024 grey levels) per visual field. The microscope stage was manually directed to acquire the desired area of analysis. The PathSight Version 3.0 software (Second Opinion Solutions, Oslo, Norway) was used to obtain monochrome images for analysis. Alignment of the fields of view relied on the mechanical precision of the microscope stage. After compiling 36 to 81 fields of view, areas of interest were digitally defined as closed contours using a previously described algorithm (Sudbø et al, 2000) . Only cellular elements within the digitally defined areas were included in the computations (Fig. 5) .
Data Analysis
The values of two structural features were computed, based on previous findings (Sudbø et al, 2000) . From graphs such as the VD, subgraphs can be constructed. From these graphs, a number of structural features may be computed that quantitatively describe different aspects of the tissue architecture (Sudbø et al, 2000) .
Reproducibility in Repeated Computations of Structural Features
For assessing the reproducibility in the computations of the structural features, 10 consecutive computations were obtained from four different slides. Between computations, the slides were removed from the microscope stage and the computer and microscope were turned off.
Learning Set for Prognostic Evaluation
Thirty cases of OSCC were used as a learning set, 15 with known good prognosis (relapse-free survival more than 10 years) and 15 with known poor prognosis (relapse within three years of initial treatment). After computing the values of the two structural features in the learning set, the mean values and 95% confidence interval (CI) were computed for each of the outcome groups. In the test set, the cut-off for inclusion in the good prognosis group according to the structural feature ELH_av was set at the lower limit of the 95% CI for the good prognosis group as computed in the learning set (Table 4 ). The other cases were allocated to the poor prognosis group. For the structural feature DEL_av, the cut-off for inclusion in the good prognosis group was set at the lower limit of the 95% CI and at the upper limit of the 95% CI for the good prognosis group as computed in the learning set. The other cases were allocated to the poor prognosis group.
Test Set for Prognostic Evaluation
The test set was derived from the residual 163 cases. None of the 30 cases used in the learning set was included in the independent test set. Generally, differences with respect to clinical outcome were not as clear-cut in the test set as in the learning set.
Discriminant Analysis
Tissue architectural properties in different anatomical compartments related to the carcinomas were investigated by the use of discriminant analysis (Lachenbruch, 1975) . The structural feature ELH_av was included as the first discriminant function and DEL_av as the second discriminant function. Tissue architecture analysis was performed on the invasive front, the superficial part of the carcinoma, and the normalappearing oral mucosa adjacent to the bulk of the carcinoma. From a learning set of 30 randomly chosen cases, a model was constructed for expected values in the superficial part of the carcinoma and for the normal-appearing oral mucosa adjacent to the bulk of the carcinoma. This model was applied to an independent test set of 89 cases OSCC (Fig. 2) .
Statistical Analysis
Statistical analysis was performed using SPSS 9.0 for Windows (SPSS Inc., Chicago, Illinois, 1999) . Reproducibility in the computations of both ELH_av and DEL_av was assessed by least square regression analysis (R 2 ). The two means were compared using Student's nonparametric t test. Kaplan-Meier estimates were used to assess the prognostic value of DEL_av and ELH_av with respect to relapse-free and overall survival. Cases were censored if death resulted from unrelated disease. In a discriminant analysis, we used ELH_av as the first discriminant function and DEL_av the second discriminant function. All p-values were two-sided and p-values Ͻ 0.05 were regarded as statistically significant. 
